Corrigendum
. Comparison of the measured real permittivity of PTFE (t: 3 mm) to a reference value [17] .
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Introduction
Radar absorbing structures (RAS) are designed to absorb electromagnetic (EM) waves and to minimize radar detection in a specific frequency band. To improve the survivability of fighters and reconnaissance aircrafts, stealth functions that evade detection by enemy radars are of utmost importance [1] . For example, a frequency selective surface (FSS) can pass or block the waves of certain frequencies in free space; hence, they are also known as spatial filters in EM [2] . RAS possesses EM properties such as permittivity (ε r ), permeability (µ r ), and loss tangent (tanδ εr , tanδ µr ) which can be used to evaluate its EM characteristics [3] . In the past, most devices have used coaxial or waveguide methods to measure EM properties [4] [5] [6] . In recent years, the free-space technique has gained increased popularity for the measurement of electrical materials properties [7] . Free space measurement (FSM) systems are nondestructive and contactless; hence, they are especially suitable for the measurement of permittivity and permeability [8] . The inaccuracies of FSM systems are caused by diffraction effects at the sample edges and multiple reflections between antennas. A focused horn antenna is used for minimizing diffraction effects caused by the edges of the sample, and a calibration technique such as TRL (thru-reflect-line) or GRL (gated-reflect-line) is used to eliminate errors due to multiple reflections between antennas and cable [7] [8] [9] . However, in FSM systems, the evaluation of EM characteristics at the RAS specimen is based on the measurement result of a single point. In recent years, a system was developed for evaluating the whole specimen based on the movement of the antenna using a stage. In France, researchers have developed a 3D bi-static microwave scattering measurement set-up [10, 11] . In this system, the transmitting antenna moves along an arch stage while the receiving antenna rotates along a certain angle around the specimen. The specimen also rotates by 360 degrees to measure the return loss (S 11 ) of its whole. The calculated permittivity can visualize the permittivity distribution in each plane of the specimen. However, this system does not measure every EM characteristic, e.g. insertion loss (S 21 ) and permeability (µ r ), because it can only measure the return loss and calculate the permittivity.
This study proposes the development of a dual port scanning free space measurement (SFSM) system for measuring the EM characteristics of the whole specimen. This system combines the free space measurement system (FSM system) with the two-axis linear stage, which can measure and evaluate the EM characteristics automatically. The permittivity of PTFE (Polytetrafluoroethylene) is measured to verify the system with reliable reference data. The developed system can visualize both return and insertion loss (S 11 , S 21 ) distributions, real and imaginary permittivity (ε r , ε r ) distributions, real and imaginary permeability (µ r , µ r ) distributions in the X-band (8.2-12.4 GHz) for the whole specimen. Finally, the effective area of the visualization results is verified without the influence of the boundary. Figure 1 shows the set-up of the FSM system with the sample holder. The focused horn antennas are connected to a vector network analyzer (VNA) to receive and transmit the EM waves through the specimen. Return loss (S 11 ) is measured by EM waves emitted from port 1 and reflected by the specimen surface, while insertion loss (S 21 ) is measured by EM waves emitted from port 1 and detected by port 2 after passing through the specimen. The measured results are used to calculate the EM properties, such as permittivity (ε r ) and permeability (µ r ).
Dual port sfsm system

FSM system and sample holder
The sample holder plays a crucial role in providing high accuracy. In order to carry out accurate measurements at a single point, the specimen center should be aligned exactly with the antenna lens centers, with the specimen surface located at the focal length. In addition, the sample holder must fix the sample vertically, so that the EM waves can reflect and transmit accurately without any influence around the specimen edges and boundary. Theoretically, the wavelength of the EM waves must be larger than the spot size focused by the horn antennas in order not to be affected by the specimen edges and boundary. In FSM systems using focused horn antennas, diffraction effects at the edges of the sample are negligible if its minimum transverse dimension is greater than three times the beam width of the antenna the focused spot [9] . In FSM systems using horn antennas, the sample size should be more than five times the utilized wavelength to minimize the edge diffraction [12] . According to this theory, since a frequency of 10 GHz corresponds to a wavelength of about 30 mm, the specimen size should be greater than 90 mm when using focused horn antennas. Figure 2 shows the sample holder manufactured for this study. Exposed area at the sample holder center is 130 × 130 mm to fix test specimens with dimensions of about 150 × 150 mm. Conventional FSM setup measuring the EM properties at a single point focuses the center point.
Calibration is the most important step of FSM, aimed at removing residual errors, caused by cables, connectors, etc. There are several calibration types supported by the VNA. Our system uses gated-reflect-line calibration (GRL) [4] . GRL calibration measure the s-parameter at the metal plate and the empty sample holder with fixed antennas. Measured s-parameter between metal plate and empty sample holder is used to remove the residual error such as cable, antenna, etc. There are two types of GRL calibrations; one is to perform a GRL calibration from a calibration set, the other is to perform a one-tier GRL calibration. The first method combines shortopen-load-thru (SOLT) calibration of the cables and GRL calibration to remove antenna-and the air-residual errors. The second method uses a single GRL calibration to remove residual errors of each cable, antenna, and air. Our system was used the second GRL calibration method. To verify the calibration, the system performed to measure the air permittivity. Figure 3 shows the measured results of the air permittivity after GRL calibration. According to theory, the real permittivity of air is 1 with its imaginary part being zero. The measured result of permittivity real was almost 1 and imaginary is almost 0. The measured data agreed well with the theoretical values, verifying the applicability of the chosen calibration to our system. Figure 4 shows the principles of focused horn antennas. Generally, the standard horn antennas are scattered the EM waves. To minimize the scattering of EM waves and make the plane wave in near field, lens is attached in front of standard horn antennas. Beam waist (w 0 ) is the radius at which the field amplitudes fall to 1/e. Rayleigh range (RL) is the distance from the beam waist location to where the spot size has increased to its √ 2 multiple. It indicates the range where the EM wave can be considered as a plane wave. At their focal length, focused horn antennas can minimize EM wave scattering. In addition, the most accurate and reliable measurement results are achieved at the focal length, as here, the EM waves are reflected and transmitted as plane waves perpendicular relative to the specimen. Figure 5 shows the measurement set-up for return loss (S 11 ) of aluminum, and insertion loss (S 21 ) of air by changing the stand-off distance of the antennas. In the aluminum plate, most EM waves are reflected from port 1 to 1 and the return loss is 0 dB when the EM waves are the plane wave. In the air, most EM waves are transmitted from port 1 to 2 and insertion loss is 0 dB when the EM waves are the plane wave. The focal length is the highest plane wave position in the EM waves, so the return and insertion losses at the focal length are almost 0 dB. Figure 6 shows return and insertion loss measurements for varying stand-off distances with a 10 mm interval in the range of 250-600 mm. The actual focal length was 430 ± 15 mm, which corresponded to the minimum return and insertion losses in the plane wave region. 430 mm was the focal length at the center frequency (10.3 GHz), and ±15 mm was the effective range at the focal length because the frequency was changed. Figure 7 shows the dual port SFSM system and sample holder. The two-axis linear stage with the sample holder is located between two focused horn antennas for measuring the EM characteristics. The FSM system is connected to the two-axis linear stage for automatic raster scanning of the specimen and a personal computer for hosting the graphical user interface (GUI) software [13, 14] . Figure 8 shows the dual port SFSM system mechanism. At each point, measured data, such as return and insertion loss, permittivity, and permeability, is shown at the applied frequency range. Inside the scan area, it is possible to visualize the measured results at each frame divided into sweep points and to analyze the visualization results in the whole frequency range through the video file.
Verification of actual focal length of the focused horn antennas
Dual port SFSM system set-up and mechanism
Verification of dual port SFSM system using PTFE
To verify the dual port SFSM system, it is necessary to measure and analyze a standard specimen with typical EM characteristics used for stealth applications. PTFE is a typical standard specimen with constant electric properties regardless of frequency. In fact, its real permittivity real (ε r ) is about 2-2.1, and its loss tangent (tanδ εr = ε r /ε r ) is less than 0.005 [15] . Figure 9 shows the PTFE specimen (150 × 150 × 3 mm). In the X-band (8.2-12.4 GHz) range, average and deviation results of five measurements at each point were verified with reference and waveguide measurement data. PTFE possesses non-magnetic properties and a very low loss tangent, which results in a large error range when using the Nicholson-RossWeir (NRW) algorithm for permittivity and permeability measurements. In this study, the NIST algorithm is used to measure the permittivity of PTFE, which calculates the latter assuming a permeability of 1-0j [16] . Equations (1)- (5) are part of the NIST algorithm. The return and transmission coefficients (Γ,z) are used to calculate the return (S 11 , S 22 ) and insertion losses (S 21 , S 12 ) at the dual port. In addition, assuming that the permeability is 1 (µ r = 1), it is more efficient to calculate the permittivity using the air and specimen propagation constants (γ 0 , γ), insertion loss at the empty sample holder (S 0 21 ), and thickness difference between the specimen and sample holder ( L, L air ) [16] 2.0605% ± 2.35% 2.0601% ± 2.35% 2.06% ± 2.35% 2.0601% ± 2.35% 2.0603% ± 2.34% 2.0602% ± 2.35% MMS [17] 2% ± 3% [8, 17] . A low loss tangent was observed at the whole frequency range, included in the reference data range [17] . Table 3 shows the permittivity results-both measured and reference waveguide measurement data-at 10 GHz [15] . Both the real and loss tangent of permittivity were in good agreement with the reference values. The error rate of the real permit tivity was less than 1%, and the loss tangent error was close to zero. The measured results were similar to the reference waveguide data with high reliability and accuracy. Figure 10 shows the permittivity results in the X-band. The standard deviation (S.D.) of the real permittivity was 1%, while that of the loss tangent was 0.14%. Hence, most of the results were near the average value. Considering the reference data in the given frequency range, the high reliability and accuracy of our system could be verified. Figure 11 shows the dual port SFSM system around the PTFE specimen. The PTFE is located inside the sample holder which has an empty slot at its center. The red solid line marks the boundary between the specimen and sample holder, in which the specimen was fixed, since the EM waves should be incidence on the specimen surface under a perpendicular angle. The black dotted line marks the specimen, the red dotted line marks the boundary between the sample holder and air, and the yellow dotted line marks the scan area which includes the specimen, sample holder, and air. Table 4 lists the information detailing the scan area and conditions. The scan area was 400 × 400 mm to include the specimen, sample holder, and air. The scanning interval was set to 10 mm, with the overlapped area of the focused horn antenna spot size being about 80%. Figure 12 shows a visualization of the return and insertion loss distributions on the PTFE (t: 3 mm) at 10 GHz. In figure 12 (a), distinct differences in return loss between the specimen and sample holder; and between the sample holder and air could be visualized along each boundary. In figure 12 (b), more distinct differences along the boundaries of the specimen, sample holder, and air were observed. Figure 13 shows a visualization of the real and imaginary permittivity distributions on the PTFE (t: 3 mm) at 10 GHz. A similar tendency was observed as in the previous section. A real permittivity of 2-2.1, and a near zero imaginary permittivity of the PTFE is marked by the color scale. The calibration position was the only center of specimen. The sample holder was located 10 mm ahead of the specimen and different thickness compared to the specimen, so the measured results at the sample holder were not valid. The EM characteristics could be visualized along the whole specimen as well as its environment. Figure 14 shows a visualization of the real and imaginary permeability distributions on the PTFE (t: 3 mm) at 10 GHz. In Figure 12 . Full-field distribution of (a) return loss (b) insertion loss at 10 GHz for PTFE specimen (t: 3 mm).
Visualization of EM characteristics across the PTFE Specimen
Visualization of permittivity distribution across the PTFE specimen
(a) (b) Figure 13 . Full field distributions of (a) real permittivity (b) imaginary permittivity at 10 GHz for PTFE specimen (t: 3 mm).
permeability, our system was used the NIST algorithm which assuming a permeability of 1-0j because the PTFE is nonmagnetic material. Therefore, the real of permeability was 1 regardless of the specimen, sample holder, and the air. It was a same tendency of the imaginary part, which was 0 value at all scan area. If the specimen is included the magnetic properties, the permeability can visualize to the different values both specimen, sample holder, and the air.
Verification of the effective area considering the sample holder influence
From the previous results, distinct EM properties of the specimen and sample holder could be visualized between along the boundaries. Along the red solid line, the effective area of the specimen should be checked considering the boundary influence. Figure 15 shows the B-scan set-up across the PTFE specimen (t: 3 mm) using the dual port SFSM system. Table 5 lists information of the B-scan area and measurement conditions. Figure 16 shows the B-scan visualization results of the return and insertion losses. At the X-band frequency range, distinct difference could be observed across each boundary of the specimen, sample holder, and air. Figure 17 shows the B-scan results of the return and insertion losses at 8.2, 10.3, 12.4 GHz. The difference at the boundary of the specimen, sample holder, and air was observed at both the return and insertion losses. At 8.2 GHz, the return loss values of the specimen and sample holder were almost equal. It could be concluded that the measured EM properties of the sample holder were not valid since its surface was located about 10 mm in front of the specimen, hence not matching the calibration. Figure 18 shows the B-scan visualization results of the real and imaginary permittivity. A distinct difference was observed along the boundary, consistent with the tendency of the return and insertion losses. Figure 19 shows the B-scan results of real and imaginary permittivity at 8.2, 10.3, and 12.4 GHz. In the sample holder, the real and imaginary permittivity was 9999 because the calibration conditions were not matched by the sample holder.
To verify the effective area of the specimen, the scan width was limited to the specimen width. Effective area was the valid region which is not affected by the boundary to the sample holder. Figure 20 shows the effective area of return and insertion losses in the specimen range. The reference point of the effective area was the specimen center, located at about 210-220 mm. The error range of the return and insertion loss was within ±1% along the effective area. The effective area was 10 mm at 8.2 GHz, 20 mm at 10.3 GHz, and 30 mm at 12.4 GHz. The effect of the boundary between specimen and sample holder was about 100-120 mm, which corresponds to ±50-60 mm with respect to the specimen boundary.
The effective area increased with increasing frequencies. This observation is related to the focused horn antenna spot size in equation (6) [18] . With a constant focal length and antenna diameter, the spot size is proportional to the wavelength and inversely proportional to the frequency. The larger the frequency, the smaller the spot size, so the effect on the boundaries is reduced. (6) Figure 21 shows the effective areas of the real and imaginary permittivity. For the real permittivity, the reference point of the effective area was the specimen center, and error range of effective area was within ±1%. The imaginary permit tivity value is very low and variable through the measurement conditions and calibration. Theoretically, the imaginary part is about 0.01 because the real permittivity is almost 2 and the loss tangent is less than 0.005. The effective area of the imaginary permittivity was cut to 0.01 in the X-band. For permittivity, the effective area of specimen was 10 mm, ±5 mm from the specimen center at each frequency. The effect on the boundary between the specimen and sample holder was about 120 mm, which corresponds to ±60 mm with respect to the specimen boundary. Table 6 shows the effective areas of each parameter evaluated at different frequencies. Since the return and insertion losses corresponded to the s-parameter input/output voltage (a) (b) Figure 15 . B-scan of PTFE specimen (t: 3 mm) using dual port SFSM system; (a) set-up (b) B-scan line and boundaries. ratio measured by the VNA, the effective area increased with the frequency. However, for permittivity, the effective area remained the same regardless of the frequency. The calculation of the permittivity is more complex through the measurement conditions and calibration, involving return and insertion loss magnitudes and phases, specimen thickness, and propagation constant. Therefore, when evaluating EM characteristics along the whole specimen in the X-band, the empty space in the center of the sample holder should be over 130 × 130 mm. 
Conclusions
A dual port FSM system is used to measure EM properties at a single point, so it cannot be applied to a whole specimen or its sub-structures. In this study, a dual port scanning FSM system was developed for measuring the EM properties of a whole specimen. This system consists of a FSM system with focused horn antennas, a two-axis linear stage, and mechatronic synchronization which enables the automatized measurement of full-field EM properties. It is possible to visualize the measured spectra at each point, obtaining a full-field property distribution divided at each sweep frequency contained in a video file for each parameter (S 11 , S 21 , ε r , ε r , µ r , or µ r ). The developed system achieved high accuracy and reliability for the standard PTFE specimen. A distinct difference could be visualized between the specimen, sample holder, and air along the material boundaries. The developed system was used to evaluate and visualize the effective specimen areas for each EM parameter for several frequencies. Based on the visualized full-field parameters, the minimum required specimen size could be determined and the interaction between the test target, sample holder, and environment could be understood. Eventually, the system can be applied for complex stealth structures with thickness and material variations, and, in addition, for detecting manufacturing defects, i.e. differences from design. 
